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Comparison of the Dielectric Response Obtained from Fluorescence
Upconversion Measurements and Molecular Dynamics Simulations for
Coumarin 153−Apomyoglobin Complexes and Structural Analysis of the
Complexes by NMR and Fluorescence Methods
Abstract
We present a comparison of the dielectric response obtained from fluorescence upconversion experiments
and from molecular dynamics simulations of the complexes of coumarin 153 with five apomyoglobins
(apoMbs): wild-type horse heart (HH-WT) and those of wild-type sperm whale (SW-WT); its two triple
mutants, L29F/H64Q/V68F and H64L/V68F/P88A; and its double mutant, L29F/V68L. Comparisons
between experimental and simulated solvation relaxation functions, C(t)s, for the wild-type proteins range
from very good to excellent. For the three mutants we investigated, however, agreement between experiment
and simulation was considerably inferior. Thus, an NMR study of the complex of the HH-WT complex
apoMb, and fluorescence energy transfer and anisotropy studies of the five complexes, were performed to
investigate the structures upon which the simulations were based. The NMR measurements confirm our
earlier conclusions that the C153 lies in the heme pocket of the HH-WT apoMb. For the wild-type
complexes, fluorescence energy transfer measurements provide two rise times, suggesting a definite spatial
relationship between the two Trp donors and the C153 acceptor. These results confirm the structural integrity
of the wild-type complexes and validate the initial structures used for the molecular dynamics simulations. On
the other hand, the three mutants provided single exponential rise times for energy transfer, suggesting that
the position of the C153 used in the simulations may have been in error or that the C153 is mobile on the
time scale of the energy transfer experiment. Fluorescence anisotropy studies also suggest that the double
mutant was not structurally intact. Furthermore, examination of these systems demonstrates the sensitivity of
C153 to its environment and permits the observation of differences in the heme pockets. These results point
to the importance of structural characterization of modified proteins used in studies of the dielectric response
and suggest strategies for performing molecular dynamics simulations of modified proteins.
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Comparison of the Dielectric Response Obtained from Fluorescence
Upconversion Measurements and Molecular Dynamics Simulations
for Coumarin 153-Apomyoglobin Complexes and Structural Analysis
of the Complexes by NMR and Fluorescence Methods
Sayantan Bose,† Ramkrishna Adhikary,† Charles A. Barnes,† D. Bruce Fulton,‡ Mark S. Hargrove,‡
Xueyu Song,† and Jacob W. Petrich*,†
†Department of Chemistry and ‡Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University, Ames, Iowa
50011, United States
ABSTRACT: We present a comparison of the dielectric response obtained from ﬂuo-
rescence upconversion experiments and from molecular dynamics simulations of the
complexes of coumarin 153 with ﬁve apomyoglobins (apoMbs): wild-type horse heart
(HH-WT) and those of wild-type sperm whale (SW-WT); its two triple mutants, L29F/
H64Q/V68F and H64L/V68F/P88A; and its double mutant, L29F/V68L. Compar-
isons between experimental and simulated solvation relaxation functions, C(t)s, for the
wild-type proteins range from very good to excellent. For the three mutants we
investigated, however, agreement between experiment and simulation was considerably
inferior. Thus, an NMR study of the complex of the HH-WT complex apoMb, and
ﬂuorescence energy transfer and anisotropy studies of the ﬁve complexes, were
performed to investigate the structures upon which the simulations were based. The NMR measurements conﬁrm our earlier
conclusions that the C153 lies in the heme pocket of the HH-WT apoMb. For the wild-type complexes, ﬂuorescence energy transfer
measurements provide two rise times, suggesting a deﬁnite spatial relationship between the two Trp donors and the C153 acceptor.
These results conﬁrm the structural integrity of the wild-type complexes and validate the initial structures used for the molecular
dynamics simulations. On the other hand, the three mutants provided single exponential rise times for energy transfer, suggesting
that the position of the C153 used in the simulations may have been in error or that the C153 is mobile on the time scale of the
energy transfer experiment. Fluorescence anisotropy studies also suggest that the double mutant was not structurally intact.
Furthermore, examination of these systems demonstrates the sensitivity of C153 to its environment and permits the observation of
diﬀerences in the heme pockets. These results point to the importance of structural characterization of modiﬁed proteins used in
studies of the dielectric response and suggest strategies for performing molecular dynamics simulations of modiﬁed proteins.
’ INTRODUCTION
The study of solvation dynamics is a powerful tool for under-
standing the dielectric relaxation of solvating media. For homo-
geneous dielectric ﬂuids, solvation dynamics can be described by
linear response theory.1-12 A simple dielectric continuum
theory13-15 adequately describes their dielectric response, which
led to several successful comparisons between theory and
experiments.11,12,16,17 However, for inhomogeneous dielectric
materials, such as proteins, dielectric ﬂuctuations are severely
restricted due to the inherent constraints of the materials. The
delicate balance in the electrostatic interactions play an impor-
tant role in controlling structure, function, and dynamics in
proteins.18-22 The nature of the interactions is heterogeneous
because the charged and polar groups in protein can interact over
long distances with each other and surrounding solvent mole-
cules. A large protein can have its dielectric response vary from
place to place.23-29 A sudden change in the charge distribution
for many elementary processes such as electron and energy
transfer in a protein causes dielectric relaxation due to the
adjustment of its structure in response to the new charge
distribution. Traditional dielectric continuum theory assumes
that there is only one intrinsic microscopic length scale. Hence,
such theory is questionable when applied to inhomogeneous
dielectric materials. As a result, understanding the dielectric
response in proteins is very challenging due to the existence of
diﬀerent length scales of relaxation.
In a series of papers,30-33 we have discussed the extensive
literature on this topic and have suggested the utility of using the
ﬂuorescent probe, coumarin 153 (C153), to study the dielectric
response of monomeric hemoglobins, such as myoglobin. The
choice of C153 was in large part inspired by the work of Cocco
and Lecomte who characterized the complex of the ﬂuorescent
dye ANS (Figure 1a) with apomyoglobin (apoMb) using nuclear
magnetic resonance (NMR) spectroscopy and proved that ANS
resides in the distal side of the heme pocket.34 Using 2D- DQF-
COSY andNOESY experiments, they showed that theHa andHb
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protons of ANS have cross peaks with heme pocket residues such
as His64, Val67, Val68, and Ala71.
We, thus, initially considered the probe ANS,34 for which there
is a structure of its complex with apoMb. This probe is not,
however, ideal because its absorption spectrum is complicated by
overlapping electronic states.35 Even if internal conversion from
higher-lying states to the lower ﬂuorescent state is faster than
solvation dynamics, as has been suggested to be the case inTrp,36-39
an accurate determination of the reorganization energy40,41 based on
the steady-state spectra becomes very diﬃcult. In addition, while
ANS34,42 as well as other chromophores such as PRODAN,43
DANCA,44 and ANSDMA45 (Figure 1b-d) may bind to the heme
pocket of apoMb, they are also capable of charge transfer in the
excited state, which could complicate the interpretation of the
ﬂuorescence upconversion results.46
On the other hand, C153 is exquisitely inert, structurally rigid,
and is also associated with a large change of dipole moment upon
optical excitation. This is why it is has been so extensively
employed as a probe of solvation dynamics.30-33,47-59 We con-
sequently opted for C153 as a probe for studying the dielectric
response of proteins. Elsewhere, we have shown using Job’s plot
experiments that C153 binds to apoMb with a 1:1 stoichiometry
with KD = 6  10-6 M.30,31 The ANS-apoMb complex is
reported to haveKD= 3 10-6M.42 The anisotropy decay time
(τrot) of C153 when bound to apoMb is 9.2 ns,
30 which is
consistent with the slow rotational correlation time of apoMb,60
whereas free C153 exhibits a very fast depolarization time of
∼100 ps in bulk solvent.30 More signiﬁcantly, the anisotropy
decay of bound C153 was single-exponential, which supports
rigid binding of coumarin in the heme pocket; because single-
exponential decay would not be expected for a surface bound
chromophore.61,62
These ﬁndings, suggesting that a 1:1, well-deﬁned complex of
C153 and apoMb could be formed, authorized us to perform
a comparison of the solvation correlation functions (dielectric
responses) obtained from ﬂuorescence upconversion experi-
ments and molecular dynamics simulations32 of C153 with
wild-type horse heart (HH-WT) apoMb and with apoleghemo-
globin (apoLba). This comparison provided excellent agreement
between experiment and theory and emboldened us to perform
the similar set of comparisons presented here for the complexes
of C153 with four apoMbs: those of wild-type sperm whale (SW-
WT); its two triple mutants, L29F/H64Q/V68F and H64L/
V68F/P88A; and its double mutant, L29F/V68L. All of these
mutant proteins do bind heme and fold to form stable holopro-
teins. Mutations at each position have various eﬀects on the
oxygen binding properties of the holoprotein, and have various
eﬀects on the stability of the apoprotein. For example, mutations
of HisE7 to an apolar side chain lower oxygen aﬃnity in the
holoprotein and increase stability to denaturation. The eﬀects of
mutations at other positions are generally milder. In general,
when a polar side chain is introduced into the heme pocket, the
resulting mutant apoprotein is less stable.
The intent of this comparison is to initiate a detailed study of
the eﬀects of individual amino acids on the dielectric response
with the ultimate goal of developing a new type of model for the
response.63 The basic philosophy behind such a model is to
account for the dielectric inhomogeneity of a protein without full
atomistic details. Our previous results have indicated that a
model based on the polarizabilities at the residue level can oﬀer
a universal description for proteins’ dielectric response.
Despite the encouraging, initial success on this path obtained
with the horse heart system, the results for the sperm whale
system revealed themselves to be more complicated. Although
the agreement between experiment and theory was excellent for
the SW-WT, the agreement varied for the mutants. Our previous
work suggests no reason to attribute such disagreement to the
force ﬁelds used in the simulation but rather to question the
structure of the complex used as the starting point for the
simulation. Thus, un esprit critique requires that painstaking
attention be paid to structural details when comparisons are
beingmade between theory and experiment for diﬀerent proteins
and, in particular, the same proteins with slight modiﬁcations.
Our work presents, in outline:
1. a comparison of the dielectric response obtained from
ﬂuorescence upconversion experiments and from molecu-
lar dynamics simulations of the complexes of coumarin 153
with ﬁve apoMbs (apoMbs): wild-type horse heart (HH-
WT) and those of wild-type sperm whale (SW-WT); its
two triple mutants, L29F/H64Q/V68F and H64L/V68F/
P88A; and its double mutant, L29F/V68L;
2. an NMR study of the complex of C153 with HH-WT
apoMb (we have used equine myoglobin, because it con-
tains more resolved lines (especially from histidines)
compared to the SW-WT64);
3. ﬂuorescence energy transfer and anisotropy studies of the
ﬁve complexes to complement the NMR studies.
We believe that this is the most thorough structural character-
ization to date of any system, whether it be based on nonnatural
ﬂuorescence probes or mutants, employed for the investigation
of the dielectric response of proteins.
’MATERIALS AND METHODS
Coumarin 153 (C153) was purchased from Exciton Inc.
(Dayton, OH) and used without further puriﬁcation. 4-Hydro-
xy-2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPOL) (Figure 1e),
Figure 1. Structures of diﬀerent probes discussed here: (a) 8-anilino-1-
naphthalenesulfonic acid (ANS); (b) 2-anilino-6-N,N-dimethylnaphth-
alenesulfonamide (ANSDMA); (c) 6-propionyl-2-(N,N-dimethylamino)
naphthalene (PRODAN); (d) 20-(N,N-dimethylamino)-6-naphthoyl-4-
trans-cyclohexanoic acid (DANCA); (e) 4-hydroxy-2,2,6,6-tetramethyl-
piperidine 1-oxy (TEMPOL); (f) coumarin 153 (C153).
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deuterated water (D2O), dimethyl sulfoxide (DMSO-d6), and
methanol (HPLC grade) from Aldrich were used without further
puriﬁcation. Equine myoglobin (Mb) was purchased from Sigma.
Recombinant sperm whale myoglobins and its mutants were
constructed, expressed, and puriﬁed as described elsewhere.65,66
Sample Preparation for NMR Experiments. Apoproteins
were prepared using a method described elsewhere.32,67 Protein
concentrations were kept between ∼1.5 and 2.0 mM for the
NMR experiments. Because C153 is sparingly soluble in water, a
stock solution of 40 mM was prepared in DMSO-d6 and then
added to the apoMb, keeping the stoichiometry 1:1. The solution
was shaken for 1 h and then dialyzed against 5 L of pH 7.0 buffer
overnight at 4 C. The solution was then centrifuged and
concentrated using Centricon-3 (Amicon) to 0.5 mL, and the
process was repeated four times by adding D2O for deuterium
exchange. The protein samples were stored at -20 C without
lyophilization. A 0.05MTEMPOL solution was prepared inD2O
and the appropriate microliter volume was added to a 500 μL
protein solution and was equilibrated overnight at 4 C before
doing the NMR experiments.
Sample Preparation for Fluorescence Measurements.
Concentrations of 1:1 C153/apoMb complexes were maintained
from 5.0  10-6 to 80  10-6 M by adding microliter amounts
of 20  10-3 M C153/MeOH to pH 7.0 buffer, keeping the
organic content <0.3% (v/v) in the final sample for all the steady-
state and lifetime measurements. The resulting solution was
sonicated. For fluorescence upconversion experiments a stock
solution of C153/MeOHwas added to 1.2 mL of∼1.0 10-3 M
apoprotein solution, keeping the organic content <3% (v/v) in
the final solution with a 1:1 protein to C153 ratio. The con-
centrations of the apoproteins were determined spectrophoto-
metrically using an extinction coefficient of 15.2 mM-1 cm-1 at
280 nm.30 All samples were equilibrated overnight at 4 C before
making the steady-state or time-resolved measurements.
NMR Experiments. NMR spectra were recorded at a sample
temperature of 25 C using a Bruker Avance 700 spectrometer
operating at a 1H frequency of 700.13 MHz and equipped with a
5 mm H/C/N cryoprobe. Experiments were done in pure
deuterated solvents in standard 5 mm NMR tubes (Wilmad).
1D 1H and 2D 1H-1H NOESY spectra were acquired using
standard experimental protocols. Very weak solvent saturation
(B1 power of 5 Hz) was used during recycling delays and the
NOESY mixing time to suppress the residual HOD signal. For
1D spectra, 8 scans were accumulated with a sweep width of
25252 Hz (36 ppm). For NOESY spectra 400 time increments
each consisting of 80 scans were acquired with a sweep width in
both dimensions of 9803Hz (14 ppm). TheNOESYmixing time
was 150 ms.
Steady-State Measurements. Steady-state absorption spec-
tra were obtained on a Hewlett-Packard 8453 UV-visible
spectrophotometer with 1 nm resolution. Steady-state fluores-
cence spectra were obtained on a Spex Fluoromax-4 with a 2 nm
bandpass and corrected for lamp spectral intensity and detector
response. For absorption and fluorescence measurements, a 3
mmpath length quartz cuvette was used. The steady-state spectra
can be used to compute the reorganization energy, λ68
λ ¼ p
R¥
0 dν ½σaðνÞ - σf ðνÞνR¥
0 dν ½σaðνÞ þ σf ðνÞ
ð1Þ
The σa,f are the absorption (or excitation) and emission spectral
line shapes, respectively. λ(¥) represents the total Stokes shift,
which is calculated using the steady-state excitation, νex, and
emission, ν(¥), spectra. On the other hand, λ(“0”), which is the
measure of intramolecular contribution and not solvent relaxa-
tion, is computed using steady-state excitation (νex) and calcu-
lated “zero-time” spectra, ν(“0”). These values are collated in
Table 3.
Time-Resolved Measurements. Lifetime measurements
were made using the time-correlated single-photon counting
(TCSPC) apparatus described elsewhere.33,41 The data were
acquired in 1024 channels with a time window of 3.33 ns. The
instrument response function had a full width at half-maximum
(fwhm) of ∼40 ps. A 3 mm path length quartz cuvette was used
for all the time-resolved measurements. Fluorescence decays
were collected at the magic angle (polarization of 54.7) with
respect to the vertical excitation light at 266 nm, with ∼40000
counts in the peak channel. To obtain the rotational dynamics of
C153, samples were excited at 407 nm and emission was
collected parallel and perpendicular to the polarization of the
excitation light. Anisotropy data were aquired in 1024 channels
with a time window of 22 ns collecting 65530 counts in the peak
channel. The fluorescence upconversion measurements were
done with the apparatus described elsewhere.41 The instrument
response function had a full width at half-maximum (fwhm) of
300 fs. A rotating sample cell was used. To construct the time-
resolved spectra from upconversion measurements, a series of
decays were collected, typically from 480 to 560 nm at 10 nm
intervals, in a time window of 10 ps. The wavelength-resolved
fluorescence transients were fit to sums of exponentials (typically
2 or 3, as necessary to fit the data), and time-resolved emission
spectra (TRES) were reconstructed as described elsewhere.33,41
We have employed the traditional approach of ﬁtting the time-
resolved emission spectra to a log-normal function,41,47,69 from
which we extract the peak frequency ν(t) as a function of time.




BecauseC(t) is a normalized function, the accurate determination
of C(t) depends upon accurate values for ν(“0”) and ν(¥).
ν(“0”) is the frequency at zero time, estimated using the method
of Fee and Maroncelli,70 who have described a robust, model
independent, and simple procedure for generating this “zero-
time” spectrum, ν(“0”). We have checked its validity using a
diﬀerent method for estimating the “zero-time” reorganization
energy.68 ν(¥) is (usually71,72) the frequency at inﬁnite time,
obtained from the maximum of the steady-state spectrum. (This
is not, however, true in the case of very slowly relaxing solvents, as
has been demonstrated in the case of certain ionic liquids:71-73
where the emission spectrum at ∼3 times the ﬂuorescence
lifetime of the probe is red-shifted to that of the equilibrium
spectrum.) The ν(t)’s are determined from the maxima of the
log-normal ﬁts of the TRES. In most of cases, however, the
spectra are broad, so there is some uncertainty in the exact
position of the emission maxima. Thus, we have considered the
range of the raw data points in the neighborhood of the
maximum to estimate an error for the maximum obtained from
the log-normal ﬁt. Depending on the width of the spectrum (i.e.,
“zero-time”, steady-state, or time-resolved emission spectrum),
we have determined the typical uncertainties as follows: “zero-
time” ∼ steady-state (∼(100 cm-1) < time-resolved emission
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(∼(200 cm-1). We use these uncertainties to compute error
bars for the C(t). Finally, in generating the C(t), the ﬁrst point
was obtained from the “zero-time” spectrum. The second
point was taken at the maximum of the instrument response
function. Fractional solvation at 300 fs is given by f300fs = 1 -
C(t = 300 fs).
Recently, we provided an analysis33 of various methods of
constructing C(t) and reviewed selected examples from the
literature.36-38,74-79 We demonstrated that it is possible to
exaggerate the amplitudes of slower solvation phenomenon that
may be attributed to “biological water”, water-protein interac-
tions, or the protein itself.
Molecular Dynamics Simulations. The starting configura-
tions of sperm whale myoglobin (SW-WT) are from the protein
DATA BANK (PDB id 1VXD) and with TIP3P water models.
To have a reasonable starting point for the C153-protein
complex, the heme is replaced by C153 and then energy mini-
mization is used to obtain the starting configuration of the C153/
apoMb complex. Standard constant pressure-temperature MD
was performed using the ORAC package80 with the Amber force
field.81 In all simulations, short-range nonbonded interactions
were calculated up to a 10 Å cutoff, whereas long-range electro-
static interactions were treated by the SPMEmethod using a very
fine grid, 128 points per axis, with periodic boundary conditions,
and an Ewald convergence parameter of 0.43 Å-1. Three
different Nose-Hoover thermostats were coupled to solute,
solvent, and total center of mass. An external pressure of 0.1 MPa
was applied all along the trajectory. A five time-step rRESPA37
algorithm with times of 0.5-1.0-2.0-4.0-12.0 fs was used
with bond constraints on hydrogen covalent bonds handled by a
shake-rattle-like algorithm. The final system was first equili-
brated with velocity rescaling for 60 ps at 50 K and 80 ps at 300 K.
Following this initial equilibration, we ran the system for one
additional nanosecond at constant temperature (T = 300 K) and
pressure (P = 0.1MPa). To achieve full relaxation, the simulation
box was entirely flexible for the first 300 ps, whereas for the
remainder of the run, only isotropic changes of the box were
allowed.35 Finally, the system was simulated for an additional 10
ns. As we have demonstrated in our previous work,30 an equilib-
rium configuration for C153 in the heme pocket of the protein can
be found and experimental measurements seem to support our
interpretation. Using the equilibrated configuration, additional
12 ns trajectories are generated and are used for the calculation
of solvation correlations functions for horse heart apoMb com-
plexes; and 30 ns trajectories are used for the corresponding
calculations for the sperm whale apoMb complexes.
Using the charges of C153 in the ground and excited states,12
the solvation correlation function can be obtained within the
linear response theory82 as
CðtÞ ¼ δΔEðtÞ δΔEð0Þh i
δΔEð0Þ δΔEð0Þh i ð3Þ
where δΔE(t) = ΔE(t) - ÆΔE(t)æ and ΔE(t) is the interaction
energy diﬀerence between C153 in its excited state and ground
state with surrounding protein and water molecules at time t. The
symbol < 3 3 3 > denotes the ensemble average in the simulation.
The reorganization energy λ is calculated using λ = Æ(δΔE)2æ/
2kBT. For the simulations of the mutants, the residues of the
equilibrated WT-apoMb/C153 complex are mutated to the
desired amino acids starting from the equilibrated wild type
and C153 complex structure. Then, an energy minimization and
1 ns equilibration run is performed. Using the equilibrated
conﬁguration, additional 30 s trajectories are generated and are
used for the calculation of solvation correlations functions and
the reorganization energies.
’RESULTS AND DISCUSSIONS
Dielectric Relaxation of the ApoMb Complexes. Repre-
sentative wavelength-resolved decay traces of C153/apoMb
complexes are presented in Figure 2. The solvation correlation
function, C(t), obtained from spectral reconstruction from
fluorescence unpconversion traces and frommolecular dynamics
simulations for C153 in HH-WT and SW-WT apoMbs and its
mutants using eq 2 and 3 are given in Figures 3 and 4. There is
remarkable agreement between the C(t)’s from fluorescence
upconversion experiments and those obtained from molecular
dynamics simulations in the SW-WT apoMb, but deviations were
observed in the mutants. The time constants for the dielectric
relaxation in all the systems are collated in Table 1. For all the
apoMb complexes studied here, the experimentally obtained
solvation response was best fit to two decaying exponentials, with
a significant (∼60%) (Table 1) response being completed within
the time resolution of our experimental apparatus (∼300 fs)
succeeded by a slower response, which is also consistent with the
MD results. This ultrafast relaxation suggests that water is playing
a dominant role, which is consistent with the report by Fleming
and co-workers40 that solvation in the lysozyme/eosin system is
dominated by water. (Solvation in bulk water is characterized
largely by an∼30 fs component and is complete in∼15 ps.17,83)
The remainder of the solvation can be attributed to motions of
the protein matrix or coupled protein-water84 motions. The
protein’s contribution to solvation should not be neglected. For
example, Nilsson and Halle have simulated the Stokes shift in the
protein monellin85 and have discussed how to separate the
relative contributions of protein and water. They find a signifi-
cant protein component, at least 25%. Li et al.84 find that the
Figure 2. Representative ﬂuorescence upconversion traces obtained for
C153 in H64L/V68F/P88A apoMb mutant at the indicated wave-
lengths. The decay at the blue end of the spectrum decays faster than
that of at the red end of the spectrum. The decay at the red end of the
spectrum shows a growing component. The decays used to construct the
time-resolved emission spectra were typically collected over a range of
wavelengths from 480 to 560 nm at 10 nm intervals; a total of nine
decays were used to generate the time-resolved emission spectra, from
which the C(t) values were calculated.
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relative protein and water contributions can vary substantially
with the conformational substate of myoglobin: sometimes the
protein contribution can even be larger than water. Both Nilsson
and Halle85 and Li et al.84 find that the protein contribution also
has an ultrafast component. In general, there will always be some
slow relaxation due to the conformational motions of proteins. In
our case, the structures of C153/wild type complexes obtained
from NMR and FRET measurements are consistent with those
obtained from simulations. For the mutants, the structures of the
C153 complexes used in the simulations are not that certain, as
indicated by the comparison with the experimental evidence.
This may be the reason for less satisfactory agreements between
the C(t)’s.
Another example of agreement between experiment and
theory that has emerged in the study of solvation dynamics of
proteins is the recent work by Boxer and co-workers86 and by
Golosov and Karplus.87 In our previous reports32 on solvation
dynamics in HH-WT apoMb and apoLba (where the heme
pockets diﬀers signiﬁcantly88,89), we have also found excellent
agreement between the C(t) obtained from both experiments
andmolecular dynamics simulations. It is signiﬁcant that the only
diﬀerence between the heme pockets of the two WTMbs is that
Val67 in HH is replaced by Thr in SW. A close comparison of the
C(t)’s for these two systems indicates small but signiﬁcant
diﬀerences that must arise from this single amino acid substitu-
tion (Figure 3).
The sensitivity of C153 to its local environment is also
reﬂected by the reorganization energies for each of the C153/
apoMb complexes. The reorganization energies diﬀered not only
between the WT and its mutants but also between the two WT
apoMbs (sperm whale and horse heart, Table 3). The solvation
response is thus critically dependent on the environment that the
probe (C153) experiences inside the heme pocket.
While there is very good agreement between experiment and
simulation for the wild-types proteins, the agreement for the
mutant proteins is much less satisfactory. The origin of this
discrepancy for the mutants may be found by means of the
structural studies of the complexes that we now discuss.
Structural Characterization of the Complex of C153 and
HH-WTApoMbbyNMR. One-dimensional 1HNMR spectra of
HH-WT apoMb and of the complex of 2 equiv of the para-
magnetic dye, TEMPOL (Figure 1e), with 1 equiv of apoMb in
D2O are shown in Figure 5. Although the overall spectral
characteristics remain similar, specific signals are perturbed upon
addition of TEMPOL. In particular, the peak at 7.91 ppm arising
from Cε H of His64 in the E7-helix is broadened upon inser-
tion of TEMPOL. Also the peak due to Cζ H of Phe33 is
broadened, which is consistent with the reports of Cocco and
Lecomte.34 Excess addition of TEMPOL, beyond 2 equiv, was
avoided to prevent attenuation of other signals by through-space
relaxation.
When, however, C153 is added to apoMb, several signals are
seen to have sharpened and shifted, as seen in Figure 6a, which
Figure 3. Comparison of C(t) for C153 in wild type sperm whale and
horse heart apoMb obtained from ﬂuorescence upconversion experi-
ments with those from molecular dynamics simulations. In both
proteins, the initial fast component occurs within the time resolution
of our instrument. There is a remarkable agreement between experiment
and theory for both wild type apoproteins. There is only one change
between the heme pockets of the horse heart and sperm whale
myoglobins: Val67 in HH is replaced by Thr in SW.
Table 1. C(t) Parameters Obtained from Upconversion Ex-
periments and MD Simulationsa
system f300fs a1
τ1,





HH-WT expt 0.64 0.59 0.02 0.41 3.4 1.4
simul 0.73 0.14 0.27 9.3 2.6
SW-WT expt 0.61 0.69 0.14 0.31 15.2 4.8
simul 0.53 0.07 0.18 1.16 0.29 15 4.7
L29F/H64Q/ expt 0.56 0.61 0.12 0.39 15.4 6.1
V68F simul 0.47 0.07 0.17 1.6 0.34 28.0 10.3
H64L/V68F/ expt 0.64 0.68 0.12 0.32 5.5 1.8
P88A simul 0.43 0.06 0.18 1.0 0.39 40.0 15.8
L29F/V68L expt 0.60 0.60 0.10 0.40 3.8 1.6
simul 0.38 0.06 0.16 1.1 0.46 52.0 23.2
aResults from experiments and simulations are ﬁt to a sum of exponen-
tials. Three exponentials are used to ﬁt the results from simulations and
only two, those from experiments, are a consequence of the error bars for
the experimental results being larger than those for the data points
resulting from the simulations.
Figure 4. Comparison of solvation correlation functions, C(t) for C153
in sperm whale apoMb mutants obtained from ﬂuorescence upconver-
sion experiments (closed circles) with those obtained from molecular
dynamics simulations (open circles). C(t)’s from experiments and
simulations were calculated using eqs 2 and 3, respectively, and were
ﬁtted with a sum of two and three exponentials respectively.
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indicates a decreased rate of backbone amide exchange and a
change in the population of various conformers. A new peak at
6.04 ppm arises in the C153-apoMb spectrum due to the proton
(Hx, Figure 1f) adjacent to the carbonyl carbon in C153. Other
signals from coumarin could not be resolved due to their overlap
with other signals from the apoprotein residues.
When TEMPOL was added to the C153/apoMb complex, no
changes in the signals from pocket residues, such as His64 and
Phe33 were observed, as was the case when TEMPOL was added
to apoMb (Figure 6b). The peak at 7.45 ppm is considerably
broadened on addition of TEMPOL in both cases (with and
without C153) showing that it arises from a solvent exposed
residue. These observations collectively suggest that C153
provides certain rigidity to the ﬂexible structure of the apoprotein
and thus prevents TEMPOL from diﬀusing inside the heme
pocket. This is consistent with our circular dichroism results
reported elsewhere30 which showed that addition of C153 helps
to regain some of the secondary structure present in the native
holo form of myoglobin.
On the basis of the assignments of Lecomte34,64,90-95 and co-
workers, we have assigned selected NOEs from the heme pocket
residues in the 2DNMRspectra. Comparing the spectra of apoMb
with that of the C153/apoMb complex, new cross peaks can be
interpreted as follows (Figure 7). The resonance at 6.04 ppm
arises from the proton (Hx, Figure 1f) adjacent to the carbonyl
carbon in C153, which has cross peaks with methyl protons of
Val67 and also with those of Ala71. The peak at 7.93 ppm from
Cε H of His64 is sharpened and slightly shifted downﬁeld on
addition of C153. His64 shows strong NOEs with methyl
protons of Val67 and Leu29 at 0.89 and 1.70 ppm, respectively.
C153 selectively perturbed the residues on the distal side of the
heme pocket. A complete characterization of the apoMb struc-
ture is very diﬃcult owing to its large size, partial unfolding, and
exchange among diﬀerent conformations. Chemical shifts, inter-
nuclear distances, NOEs, and dihedral angles are inadequate to
provide correlation between various motions and interchanging
conformations, because although the global unfolding of the
apoprotein is cooperative, the local motions, like folding-unfold-
ing processes occurs independently.64,94,95 Moreover, chemical
shift degeneracy of various protons hinders the assignments of
peaks in the NMR spectra.
On the basis of the above 1D and 2D NMR results, a tentative
location of C153 can be obtained. Considering the NOEs of
coumarin with the pocket residues and inter-residue interactions,
it can be conﬁrmed that the ﬂuorescent dye (C153) occupies the
distal side of the heme pocket, similar to the case of ANS, as
shown in Figure 8, which illustrates the approximate distances
and location of C153 with respect to the distal heme pocket
residues. The Hx proton of C153 is <5 Å from the methyl
residues of Val67 and Ala71. Accurate determination of inter-
proton distances using theNOE cross peak intensity is unreliable95
because of the rapid to intermediate time scales of exchange
among the related conformations within the apoprotein.
Characterization of the Complexes of C153 and ApoMbs
by Fluorescence Energy Transfer and Fluorescence Anisot-
ropy. Fluorescence Energy Transfer. To characterize the C153/
apoMb complexes further, we performed steady-state and time-
resolved fluorescence energy transfer experiments. Figure 9a
Figure 5. Representative 1D 1HNMR spectra of (a) equine apoMb and
(b) its complex with 2 equiv of TEMPOL in D2O at 298 K and pH 7.0.
Addition of TEMPOL selectively broadens signals (indicated by arrows)
from Cε H of His64 and Cζ H of Phe33 in the heme pocket, which
conﬁrms that the paramagnetic dye binds to the distal side of the pocket.
Figure 6. (a) Representative 1D 1HNMR spectra of the 1:1 complex of
C153/equine apoMb. A new peak at 6.04 ppm arises due to the proton
(Hx, Figure 1f) adjacent to the carbonyl carbon in C153. (b) Repre-
sentative 1D 1H NMR spectra of complex of C153/equine apoMb with
2 equiv of TEMPOL in D2O at 298 K and pH 7.0. There is no
perturbation in either the His64 or the Phe33 signals (indicated by
arrows) as was seen in Figure 5. Spectra a and b are almost identical,
which indicates that coumarin occupies the heme pocket and prohibits
the entry of TEMPOL.
Figure 7. NOESY spectrum of the C153/apoMb complex in D2O at
298 K and pH 7.0. The resonance at 6.04 ppm arises fromHxC153, and
the cross peaks arise from Val67 and Ala 71. Other weaker cross peaks
are unidentiﬁed. The assigned cross peaks show that C153 is in the distal
side of the heme pocket, constituted by Leu29, His64, Val67, Val68, and
Ala71.
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presents quenching of the donor (D), Trp, fluorescence from
apoMb (ΦTrp
ApoMb = 0.11) after insertion of the acceptor (A),
C153, into the heme pocket (ΦTrp
C153/ApoMb = 0.09). The fluo-
rescence quantum yield of Trp (ΦTrp) in apoMb was calculated
using Trp in buffer (pH 7.0) as a standard.62,96,97 There is
significant overlap of the Trp emission and C153 absorption
spectra (Figure 9b), which is a critical factor in energy trans-
fer between D and A. With excitation at 266 nm, a shortening of
the Trp lifetime was observed in all the C153/apoMb complexes
(τ = 2.0 ns), compared to the lifetime in the free apoproteins (τ =
2.3 ns). The fluorescence lifetime of C153 in the apoMb
complexes was also monitored by exciting at λex = 266 and 407 nm
and λem g 505 nm. Excitation at 407 nm only excites the
acceptor (see Figure 9), resulting in its prompt fluorescence
since no energy transfer can occur. Figure 10 presents the time-
resolved fluorescence decays of C153/apoMb complexes when
Trp and C153 are selectively excited. The sets of decays are
clearly different with excitation at 266 and 407 nm. Upon exciting
at 266 nm, significant growth in the fluorescence decay traces of
C153 was observed in all the apoMb complexes, which was
absent completely at 407 nm excitation. The rise time can thus
originate only from the acceptor (C153) emission and indicates
energy transfer from Trp to C153.
A crucial result in helping us to characterize the C153/apoMb
complexes is that for the wild-type complexes two exponentials
were required to ﬁt the rise times adequately (Table 2 and
Figure 10). It is reasonable to observe two rise times for the
energy transfer since the apoMbs have two Trps (Trp7 and
Trp14) and energy transfer from two Trps at diﬀerent distances
from C153 can lead to two diﬀerent rise times (Table 2). But
more importantly for purposes of the structural characterization,
this result also implies that C153 is rigidly bound inside the heme
pocket at a ﬁxed orientation and that it is immobile within the
time scale of the experiment. On the other hand, the three
mutants all provided single exponential rise times for the energy
transfer. Such a result can be interpreted in at least three ways:
(1) R6/κ2 is the same for C153 and each of the two Trps
(assuming a ﬁxed dipolemoment for C153); (2) the position and
orientation of C153 only favors energy transfer from a single Trp
residue; (3) the mutant proteins are not correctly folded and
there are multiple C153 binding sites or the C153 is mobile on
the time scale of the energy transfer giving rise to a averaged time
constant.
Quantitative structural details can be gleaned from the energy
















where kET is the rate of energy transfer, τD is the average
ﬂuorescence lifetime of the donor, R is the distance between
donor and acceptor, κ2 is the orientation factor, n is the index of
refraction of the medium (considered as 1.33), N is Avogadro’s
number, ΦD is the ﬂuorescence quantum yield of the donor,
FD is the emission spectrum of the donor on a wavenumber
scale, and εA is the molar extinction coeﬃcient of the acceptor
(M-1cm-1).
A thorny problem in using energy transfer data to determine
distances is obtaining an appropriate value for κ2. Typically it is
assumed that D and A can move freely and assume all orienta-
tions, in which case κ2 = 2/3. This is clearly incorrect for the
C153/apoMb system, where there is ample evidence suggesting
that C153 is rigidly held in the heme pocket, at least for the wild
type proteins. We have thus assumed that D is randomly
orientated and that A is ﬁxed at the angle θA with respect to
Figure 8. Representative diagram of apoMb, constructed by the
removal of the heme from wild-type equine holo myoglobin (1WLA.
pdb), showing the interactions of C153 proton with Val67 and Ala71,
along with other selective interactions among the distal residues such as
His64-Leu29 and His64-Val67 as obtained from NMR studies.
Figure 9. (a) Steady-state ﬂuorescence spectra (λex = 266 nm) of WT
horse-heart apoMb with (- - -) and without C153 (—). The peak
maxima at 330 and 530 nm are due to Trps and C153. Addition of C153
into the heme pocket quenches the Trp ﬂuorescence in apoMb,
indicating energy transfer from Trp to C153. (b) Spectral overlap of
C153 molar extinction coeﬃent (ε) (green) and tryptophan emission
(black) in the 1:1 WT equine apoMb/C153 complex. The calculated R0
is 25.5 and 27 Å for Trp14 and Trp7. The distances, R, between Trp14
and Trp7 from C153 are 17.3 and 20.1 Å, respectively.
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the separation vector between theD andA, as shown in Figure 11.
Various orientations between donor and acceptor have been
discussed in detail by Dale and Eisinger.98 For further simplicity,
we assume that C153 is oriented along its transition dipole
moment vector, θA = 21.47 This is a reasonable and convenient
assumption. The NMR data were not suﬃcient to permit the
determination of the location of the coumarin’s plane inside the
heme pocket. If, however, the location of the C153 plane is
undetermined to within a rotation about its transition dipole, κ2
remains unchanged. Using the equation
k2 ¼ ½sin θD sin θA cos j - 2 cos θD cos θA2 ð6Þ
we thus obtain κ2 = 5/4. The overlap integral was calculated
using the emission spectra of single Trp mutants of apoMb99 and
the absorption spectrum of C153 in WT apoMb. Finally, eqs 4
and 5 yielded R0 as 25.5 and 27.0 Å for Trp14 and Trp7 in the
HH-WT complex, using the quantum yields of Trp14 and Trp7
as 0.14 and 0.19, which were calculated from the ratio of the
lifetimes of the individual Trps.100 The distances, R, from Trp14
and Trp7 to C153 were thus determined to be 17.3 and 20.1 Å,
respectively. For the SW-WT complex, the Trp-C153 distances
were found to be 14.4 and 18.4 Å, which are signiﬁcantly diﬀerent
from those of theHH-WT complex. The distances obtained from
energy transfer experiments have been compared with those in
equilibrated simulation structures in Table 4. Unlike the case of
the mutants, there is reasonably good agreement for the Trp-
C153 distances determined by experiment and simulation in the
wild type proteins. The diﬀerences in the location of C153 in the
heme pockets of the two WT apoproteins is also reﬂected in the
reorganization energies and solvation correlation functions.
In concluding this section, it is good to note that other workers
have studied the very eﬃcient energy transfer from tryptophan to
heme in myoglobin and place our measurements and analysis in
this context. Hochstrasser and Negus101 provided a detailed
analysis of energy transfer between Trps 7 and 14 to the heme in
sperm whale myoglobin. They agree with our assessment that
these two Trps are close to the exterior of the protein. They also
conclude that the directions of the tryptophan transition mo-
ments are probably not a critical factor for the energy transfer.
This conclusion is consistent with our assumption that the Trps
are randomly distributed. They do, however, invoke anisotropy
data to suggest that Trp 14 is restricted enough to transfer energy
to the heme with a time constant of 30 ps. More recently, Zhong
and co-workers102 have extended these studies. They conclude
that for ultrafast energy transfer, it is incorrect to assume that the
donor and acceptor are randomized.
Table 2. Summary of Results for C153/apoMbsa
anisotropyb lifetimec,d
system r(0) τrot, ns a1 τ1, ns a2 τ2, ns a3 τ3, ns
HH WT 0.29 9.2 1.0 5.1 -0.13 0.2 -0.23 0.5
SW WT 0.32 10.5 1.0 5.0 -0.18 0.42 -0.22 0.1
L29F/H64Q/V68F 0.32 10.2 1.0 5.0 -0.18 0.25
H64L/V68F/P88A 0.28 10.0 1.0 7.3 -0.33 0.17
L29F/V68L 0.18 >20.0 0.84 5.5 0.16 0.84 -0.27 0.25
aAll experiments were repeated at least three times. b Error bars for r(0)
and τrot are within 3-5%. The ﬂuorescence anisotropy is measured by
probing the C153: λex = 407 nm; λemg 500 nm.
c Lifetime experiments
were done at λex = 266 nm, λemg 500 nm and components varied within
a range of 10%. dComponents with negative amplitude refer to the
growth in the ﬂuorescence decay traces of C153 observed at 266 nm
excitation in all the apoMb complexes, which was completely absent
using 407 nm excitation. The rise time can originate only from the
acceptor (C153) emission and indicates energy transfer from Trp to
C153. The decay time constants are associated with positive amplitudes.
Figure 10. Fluorescence decay traces of complexes of C153 with HH-
WT and SW-WT apoMbs, and the mutants of the latter. λex = 266 nm
(black) or λex = 407 nm (red). λemg 500 nm.Upon exciting at 266 nm, a
rise in the ﬂuorescence decay traces of C153 was observed in all of the
apoMb complexes. This rise was absent for λex = 407 nm. All the
measurements were repeated three times. Data for the HH samples were
acquired in 4096 channels, whereas the rest were taken in 1024 channels.
The residuals from the ﬁts for wild type HH and SW are shown. In each
pair, the residuals in the upper panel and in the lower panel are obtained
from single (χ2 > 2.5) and biexponential ﬁts (χ2 ∼ 1.3), respectively.
Decays for all of the mutants are best ﬁt with a single exponential (χ2e
1.3). The results are collated in Table 2.
3638 dx.doi.org/10.1021/jp1008225 |J. Phys. Chem. A 2011, 115, 3630–3641
The Journal of Physical Chemistry A ARTICLE
We recognize that it is a gross approximation to assume that
the Trps are completely randomly distributed. But we feel that it
is a useful approximation and that it is unnecessary in the present
case to assume that the Trps are not randomized. The point of our
energy transfer experiments is not to assay the rigidity of the
tryptophans but to verify the location of the coumarin, which is
crucial for a proper comparison with simulations. The most
important results of our experiments are that for theWT systems
we clearly resolve two diﬀerent energy transfer events and that
the distances computed from these time constants are consistent
with distances obtained from the simulations.
Fluorescence Anisotropy. Time-resolved fluorescence anisot-
ropy data forC153/apoMb complexes are presented in Figure 12.
The anisotropy decay of bound C153 in WT and the two triple
mutants was single exponential with a rotational time of ∼10 ns
(Table 2), which supports rigid binding of the probe in the heme
pocket; because a single-exponential decay would not be expected
for a surface bound chromophore.61,62 The r(0) values for these
systems were found to be similar (∼0.3). These results are
consistent with our previous reports with HH-WT apoMb, which
was single exponential with a rotational time of 9.2 ns. On the
other hand, the doublemutant L29F/V68L showed amuch higher
rotational time (>20 ns), with a significantly lower r(0) of ∼0.2.
These two values clearly impugn the structure integrity of the
double mutant. The higher rotational diffusion time could arise
from aggregation or improper folding of the protein. The reduced
limiting anisotropy could arise from multiple binding sites of the
C153.
Comparison of the Experimental and Simulated C(t)’s. As
suggested earlier, the origin of this discrepancy between the
experimental and simulated C(t)’s for the mutants may be found
from structural studies of the complexes. From a comparison of
the C153-Trp distances obtained from equilibrated simulation
structures and energy transfer experiments (Table 4) and from
the NMR measurements, it appears that the structural features
for the C153/WT complex obtained from simulations and
experimental measurements are in reasonable agreement. Again,
this is not the case for the mutants.
The way in which the initial structures for the simulations are
determined may provide a clue for understanding such discre-
pancies. For the wild type, the apo structure is obtained directly
from the protein data bank, presumably the same structure as the
one used in the experimental measurements. On the other hand,
Table 3. Steady-State Parameters for C153/apoMb Complexes
system νem
max,a cm-1 ν(“0”)max,a cm-1 νex
max,a cm-1 λ(“0”),b,c cm-1 λ(¥),b,c cm-1 λ(¥) - λ(“0”),c cm-1 λsimul,c cm-1
HH WT 22940 20260 18730 1850 2450 600 888
SW WT 18970 20322 22910 1815 2453 638 715
L29F/H64Q/V68F 19160 20307 22840 1786 2355 569 1094
H64L/V68F/P88A 19690 20660 23360 1847 2450 603 1252
L29F/V68L 19360 20600 23090 1743 2390 647 755
a Peak maxima are obtained from log-normal ﬁts of the spectra. b λ values from experiments are calculated using eq 1 and have an error of(5 cm-1 as
determined from three diﬀerent measurements. c λ(¥) is the total Stokes shift including intramolecular and solvent contribution, whereas λ(“0”)
exclusively estimates the intramolecular vibrational contribution to the total Stokes shift. Their diﬀerence, λ(¥) - λ(“0”), is commensurate with that
obtained from simulations, λsimul, calculated as λ = Æ(δΔE)2æ/2kBT and which only accounts for the dynamic Stokes shift due to solvent contribution or
relaxation.
Figure 11. (a) Geometry used to calculate κ2 for the determination of
R0 for the energy transfer between Trp and C153 in the complexes. The
ﬁgure presents the mutual orientation of the donor transition dipole of
Trp, θD, and the acceptor transition dipole of C153, θA. R is the
separation vector between the donor and acceptor. κ2 is calculated using
eq 6. θA is ﬁxed at 21, along the dipole moment of C153; and the donor
is assumed to be isotropically oriented. The angles θD and φ are thus
integrated over the ranges 0-π and 0-2π, respectively. This geometry
gives κ2 = 5/4. (b) D-A distances from the equilibrated structures from
themolecular dynamics simulations computed with respect to the atoms
illustrated. Distances obtained from energy transfer results and from
simulations are summarized in Table 4.





system Trp7 Trp14 Trp7 Trp14 Trp7 Trp14
HH WT 21.1 17.0 26.9 25.5 20.1 17.3
SW WT 16.7 11.6 25.3 23.9 18.4 14.4
L29F/H64Q/V68F 17.8 13.8 25.2 23.8 16.8 16.7
H64L/V68F/P88A 17.2 12.9 25.5 24.1 15.9 15.9
L29F/V68L 18.1 12.1 25.9 24.4 17.3 17.2
aDistances between C153 and Trp are obtained from the equilibrated
structures shown in Figure 11b. b R0 is the so-called “critical distance”
distance between donor and acceptor deﬁned by eqs 4 and 5. c R is the
distance from the center of mass of donor (Trp) and acceptor (C153)
shown in Figure 11a.
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the initial structures of the mutants are obtained from simple site
mutations in the presence of the coumarin in the heme pocket.
This construction of the initial complex for the wild type
proteins is diﬀerent from those for the mutant complexes. More
precisely, the construction of the mutant complexes for the
simulations is not analogous to the preparation of the complexes
for the experimental measurements. In the latter, the mutant
protein is ﬁrst expressed and the heme is removed, C153 diﬀuses
into the heme pocket, and the heme pocket relaxes around the
coumarin. In other words, the mutation and apoprotein forma-
tion and the subsequent introduction of the C153 correspond to
two diﬀerent equilibration steps in the molecular dynamics
simulations. Indeed, the structures from simulations for the
two wild type C153/apoMb complexes are in reasonable agree-
ment with the experimental observations (Table 4), but the
structures for the mutants are not.
One possible way to check this argument is to equilibrate the
mutant apoprotein ﬁrst and then insert the coumarin into the
heme pocket with the initial structure being consistent with the
energy transfer and NMR measurements. From such initial
structures of the mutants the reorganization energies and solva-
tion correlation functions from simulations could be tested
against the experimental ones. Another possible way to test the
reliability of the mutant complex structure is annealing, namely,
raising the simulation temperature to 500 K for some time and
then cooling the system to 300 K to equilibrate for 10 ns. For the
HH-WT/C153 complex, an annealing was done at 500 K for 3 ns
and an equilibration at 300 K for 10 ns. There was no signiﬁcant
change for the structure of the complex.
’CONCLUSION
We have continued to explore the use of the complex of C153
and apoMbs to study the protein dielectric response,30-33 which
has proven to be extremely successful. Comparisons between
experimental and simulated C(t)’s for wild-type heme proteins,
such as horse heart myoglobin,32,33 leghemoglobin,32,33 and
sperm whale myoglobin range from very good to excellent.
Furthermore, examination of these systems demonstrates the
sensitivity of C153 to its environment and permits the observa-
tion of diﬀerences in the heme pockets among these three
proteins. Perhaps most impressive is that we can detect changes
in C(t) arising from only one change between the heme pockets
of the horse heart and sperm whale myoglobins: Val67 in HH is
replaced by Thr in SW (Figure 3).
Our success with the wild-type proteins encouraged us to
studymutant sperm whale myoglobins. For the three mutants we
investigated, however, agreement between experiment and si-
mulation was considerably inferior to that for the wild-type
systems. Our previous work suggests no reason to attribute such
disagreement to the force ﬁelds used in the simulation but rather
to question the structure of the complex used as the starting point
for the simulation. Thus painstaking attention must be paid to
structural details when comparisons are being made between
theory and experiment for diﬀerent proteins and, in particular,
the same proteins with slight modiﬁcations. We consequently
performed an NMR study of the complex of C153 with HH-WT
apoMb, along with ﬂuorescence energy transfer and anisotropy
of all of the horse heart and sperm whale complexes to comple-
ment the NMR studies.
The NMR measurements provide important conﬁrmation of
our earlier conclusions30-33 that the C153 lies in the heme
pocket of the HH-WT apoMb. For the wild-type complexes,
ﬂuorescence energy transfer measurements provide two rise
times, suggesting a deﬁnite spatial relationship between the
two Trp donors and the C153 acceptor. On the other hand,
the three mutants all provided single exponential rise times for
the energy transfer. Such a result can be interpreted in at least
three ways: R6/κ2 is the same for C153 and each of the two Trps
(assuming a ﬁxed dipole moment for C153); or the position and
orientation of C153 only favors energy transfer from a single Trp
residue; or the mutant proteins are not correctly folded and there
are multiple C153 binding sites or the C153 is mobile on the time
scale of the energy transfer giving rise to a averaged time
constant. Fluorescence anisotropy studies suggest that the dou-
ble mutant was not structurally intact.
It is important to stress that the rather poor agreement
between simulation and experiment for at least the triple mutants
Figure 12. Polarized ﬂuorescence decays of the complexes of C153 with
wild type sperm whale apomyogobin and its mutants. λex = 407 nm; λem
g 500 nm. A normalization factor was applied to the traces such that the
maximum count was 10000 owing to the requirements of the analysis
software. The anisotropy measurements were repeated three times. The
rotational reorientation times were obtained from simultaneous ﬁtting103
of parallel and perpendicular decays, and the results are summarized in
Table 2. The top panels present the residuals from the ﬁts (χ2 ∼1.2).
3640 dx.doi.org/10.1021/jp1008225 |J. Phys. Chem. A 2011, 115, 3630–3641
The Journal of Physical Chemistry A ARTICLE
is not a suggestion that it is not possible to identify the
contribution of a single amino acid to the dielectric response.
We reiterate that for HH-WT apoMb and apoLba (where the
heme pockets diﬀer signiﬁcantly88,89), we have found excellent
agreement between the C(t) obtained from both experiments
and simulations, and it is also signiﬁcant that the only diﬀerence
between the heme pockets of the two WT Mbs is that Val67 in
HH is replaced by Thr in SW.32,33 The mutant results point,
rather, to the importance of the structural characterization of
modiﬁed proteins used in studies of the dielectric response and
suggest strategies for performing molecular dynamics simula-
tions of modiﬁed proteins—i.e., starting perhaps with (limited)
NMR data and employing more than one equilibration step. We
believe that ours is the most thorough structural characterization
to date of any system, whether it be based on nonnatural
ﬂuorescence probes or mutants, employed for the investigation
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